CO 

o 
o 

LO 
O) 
ID 

o 

Q. 
LU 



(19) 



J 




(12) 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets (11) EP 0 695 003 A1 

EUROPEAN PATENT APPLICATION 



(43) Date of publication: 

31.01.1996 Bulletin 1996/05 

(21) Application number: 95303954.2 

(22) Date of filing: 08.06.1995 



(51) lnt.Cl.«: HOIS 3/06, G02B 6/06, 
G02B 6/16 



(84) Designated Contracting States: 


(72) Inventors: 


DE FR GB 


• Imoto, Katsuyuki 




Sayama-shi, Saitama-ken (JP) 


(30) Priority: 27.07.1994 JP 175366/94 


• Koya, Kazuo 




Annaka-shi, Gunma-ken (JP) 


(71) Applicants: 




. HITACHI CABLE, LTD. 


(74) Representative: Jackson, Peter Arthur 


Chiyoda-ku TokyolOO(JP) 


London EC2M 7LH (GB) 


• SHIN-ETSU CHEMICAL CO., LTD. 




Chiyoda-ku Tokyo ( J P) 





(54) Rare earth element-doped multiple-core optical fiber, method for fabricating the same, and 
optical amplifier using the same 



(57) At least three elementary optical f toers are cov- 
ered with a jacket layer Each of the elementary optical 
fibers has a core of a first refractive index doped with at 
least one rare earth element and Al, and a cladding layer 
of a second refractive index lower than the first refractive 
index for covering the core. A value of (1+2t/Dw) is 
ranged to be 1 . 1 to 2.5, where t is a thickness of the clad- 
ding layer, and Dw is an outer diameter of the core, and 
a doping amount of Al is at least 1 weight %. The at least 
three elementary optical fibers are inserted into a jacket 
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tube, and the elementary optical fibers and the jacket 
tube are heated to be welded at contact surfaces thereof 
by vacuum-drawing air from interstices of the elementary 
optical fibers and the jacket tube. TTius, a preform is 
obtained, and the preform is heated to be drawn. Con- 
sequently, a rare earth element-doped multiple-core 
optical fiber is fabricated. The rare earth element-doped 
multiple-core optical fiber is used to amplify a signal light 
to be propagated therethrough by receiving an excitation 
light. 
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Description 

The invention relates to a multiple-core optical fiber 
having high gain and wide wavelength band character- 
istics, and more particularly to. an optical fiber having 5 
multiple-cores doped with a rare earth element and alu- 
minum, a method for fabricating the same, and an optical 
amplifier using the same. 

These days, optical amplifiers using rare earth ele- 
ment-doped optical fibers have been researched and to 
developed in the fields of optical communication, optical 
signal processing, optical measurement, and so on. The 
rare earth element <loped optical fiber comprises a core 
having a refractive index higher than that of a cladding 
layer, and containing a doped rare earth element such is 
as Er, Nd. Pr. etc. , and the optical amplifier using the opti- 
cal fiber comprises a light source for emitting an excita- 
tion light which is absorbed in the optical fiber inherently 
to the doped rare earth element to amplify a signal light 
transmitted through the optical fiber. Among optical 20 
amplifiers using several rare earth elements, an optical 
amplifier doped with Er has been remarkably enhanced 
In performance to provide a gain of more than 40 dB. 

Conventional rare earth element<ioped multiple - 
core optical fibers have been proposed firstly in the world 25 
by the inventors, and power amplifiers using the optical 
fibers have been proposed to provide high gains as 
shown in the Japanese Patent Kokai Nos. 5-299733 and 
6-37385 In accordance with the use of such high gain- 
optical fber amplifiers, signal lights of more than ten 30 
channels which are wavelength-multiplexed have been 
studied to be transmitted via optical fiber transmission 
lines. In such optical fiber transmission lines, the high 
gain optical amplifiers are required to have wide wave- 
length band characteristics in which signal lights having 35 
wavelengths ranging in a wide band are uniformly ampli- 
fied. 

In order to realize such wide band optical fiber ampli- 
fiers, several proposals have been studied as explained 
below. 40 

The first proposal is that the wide wavelength char- 
acteristics are mainly enhanced, while the increase of 
gains is sacrificed, because a wavelength band is nar- 
rowered, when the maximum gain is obtained. In this pro- 
posal, the gain is suppressed by lowering the level of an 45 
excitation light, while the level of a signal light is not low- 
ered, but is maintained to be an ordinary value, so that 
an optical fiber amplifier having the wide wavelength 
characteristics is obtained. 

The second proposal is that a high concentration, so 
for instance, up to 3% of aluminum is doped into a core 
of an optical fiber to provide the wide wavelength band 

The third proposal is that a length of an optical fiber 
is designed to be sufficiently shorter than, for instance, 
one half of an optimum length for an optical fiber ampli- 55 
tier, so that the wide wavelength characteristics are 
obtained, while the gain is slightly sacrificed. 

The fourth proposal is that optical fiber amplifiers are 
connected in series, and variable attenuators are 



inserted into each two adjacent optical fiber amplifiers, 
so that the gain is suppressed to provide the wide wave- 
length band characteristics. 

The fifth proposal is that optical fiber amplifiers are 
connected in series, and waveguide type March-Zender 
optical filters are inserted into each two adjucent optical 
fiber amplifiers, so that gains are equalized at a prede- 
termined wavelength band to provide the wide wave- 
length characteristics. 

The sixth proposal is that powers of signal lights to 
be wavelength-multiplexed are controlled at each wave- 
length at a light source. Thus, the uniformity of the gams 
and t>and characteristics is obtained. 

In the above described proposals, however, there 
are disadvantages as explained below. 

In the first proposal, an optical fiber amplifier is only 
used under a situation where powers of a signal light and 
an excitation light are limited. 

In the second proposal, the maximum concentration 
of aluminum is 3% in a core of an optical fiber amplifier 
due to the restriction in a fabrication process thereof. As 
a result, a gain is approximately 26 dB, and a wavelength 
band is approximately 25nm at a gain of 3 dB. This Is not 
sufficient for the practical use of optical fiber amplifiers 

In the third proposal, a high gain and wide wave- 
length band characteristics are not obtained simultane- 
ously, because an optical fiber is short. 

In the fourth and fifth proposals, the efficiency 
becomes low, because gains are largely suppressed. 

In the sixth proposal, a driving circuit in the light 
source becomes complicated, and the powers must be 
controlled at each wavelength dependently on each opti- 
cal fiber amplifier. 

As discussed above, the wide wavelength charcteis- 
tics are not consistent with the gains in the conventional 
optical fiber amplifiers having single cores doped with a 
rare earth element. 

Accordingly, it is an object of the invention to provide 
a rare earth element-doped multiple-core optical fiber, a 
method for fabricating the same, and an optical amplifier 
using the same, in which high gam and wide wavelength 
band charecteristles are simultaneously obtained. 

It is a further object of the invention to provide a rare 
earth element-doped multiple-core optical fiber, a 
method for fabricating the same, and an optical amplifier 
using the same, by which long distance communication 
and multiple-channel wavelength multiplexed transmis- 
sion are realized. 

tt is a still further object of the invention to provide a 
rare earth element-doped multiple-core optical fiber, a 
method for fabricating the same, and an optical amplifier 
using the same, by which optical communication, signal 
processing, and measurement systems are structured 
economically 

It is a still yet further object of he invention to provide 
a rare earth element-doped multiple-core optical fiber 
having the minimum noise index and providing high qual- 
ity information transmission, a method for fabricating the 
same, and an optical amplifier using the same. 
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It is an additional object of the invention to provide 
a rare earth element<loped multiple-core optical fiber 
having improved structural parameters, a method for fab- 
ricating the same, and an optical amplifier using the 

same. 

According to the first aspect of the invention, a rare 
earth element-doped multiple-core optical fiber, com- 
prises: 

at least three elementary optical fibers each com- 
pftsing a core of a refractive index nw having an outer 
diameter of Dw, and a cladding layer of a refractive index 
nc(nw>nc) having a thickness of t for covering the core; 
and 

a jacket layer of a refractive index nj (nw>nj) for 
cx*v«ff Hig the at least three elementary optical fibers; 

*»»«^tfif^ the core is doped with at least one rare 
»4 r r*i^m^ and AJ of a least 1 weight %; and 

m . y ' 1 ♦2t/Dw ) defined by the outer diamer 
: r»* ^tmcss oft is ranged to t>e 1.1 to 2.5. 
K . V ♦ second aspect of the invention, a 

. % . • rf. 4i»ing a rare earth element-doped mul- 
u • • • * • comprises the steps of : 

t* ' V ^ ^ast three elementary optical fibers 
^ . . . a rme of a refractive index nw having 
£ « c0 '>w, and a cladding layer of a refrac- 
ts. n having a thickness of t for covering 
t^*' c.»f r^^ - HP** r^etng doped with at least one rare 
ea' ^^♦-'^^-oT ii-xj A. of at least 1 weight %. and a value 
of ( 1 •Mts* ) <if* ned by the outer diameter of Dw and 
the th»c^n<^,s of 1 beffig ranged to be 1 .1 to 2.5; 

pac ng tr»e at least three elementary optical fibers 
in a jaO-^?! tub« 

p^o^df^g a composite member by collapsing 
interstices among the at least three elementary optical 
fibers and the lacket tube to be welded at contact sur- 
faces thereo* at a predetermined heating temperature; 
and 

heating and drawing the conrposite member at a 
predeternnnec temperature. 

According to the third aspect of the invention, an 

optical amplifier using a rare earth element-doped mul- 
tiple-core optical fiber, comprises: 

a rare earth element-doped multiple-core optical 
fiber of a redetermined length, the rare earth element- 
doped multiple-core optical fiber comprising at least 
three elementary optical fibers each comprising a core 
of a refractive index nw having an outer diameter of Dw, 
and a cladding layer of a refractive index nc(nw>nc) hav- 
ing a thickness of t for covering the core, and a jacket 
layer of a refractiv/e index nj (nw>nj)for covering the at 
least three elementary optica! fibers, the core being 
doped with at least one rare earth element and Al of at 
least 1 weight%. and a value of (1+2t/Dw) defined by 
the outer diameter of Dw and the thickness of t being 
ranged to 1.1 to 2 5; 

means for input of a signal light to an input end of 
the rare earth element-doped multiple-core optical fiber; 

means for propagating an excitation light through 
the rare earth element-doped multiple-core optical fiber 
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to amplify the signal light therein; and 

means for output of the signal light thus amplified 
from an output end of the rare earth element-doped mul- 
tiple-core optical fiber. 
5 The invention will be explained in more detail in con- 

junction with appended drawings, wherein: 

Fig. 1 is a cross-sectional view showing a rare earth 
element doped multiple-core optical fiber which is 

10 formerly proposed by the inventors, 

Fig. 2 is a cross-sectional view showing an ideal 
structure of a rare earth element-doped multiple - 
core optical fiber provided in the invention, 
Fig. 3 is a cross-sectional view showing a practical 

15 structure of a rare earth element-doped multiple- 
core optical fiber provided in the invention, 
Fig. 4 is a graph showing a gain and a noise index 
relative to an output light for a rare earth element- 
doped multiple-core optical fiber provided in the 

20 invention, 

Fig. 5 is a graph showing a gain and a noise index 
relative to a wavelength for a rare earth element- 
doped multiple-core optical fiber provided in the 
invention, 

25 Fig. 6 is a graph showing an output light relative to 
an input signal light for a rare earth element-doped 
multiple-core optica! fiber provided in the invention, 
Fig. 7 is a graph showing a gain relative to a wave- 
length for a rare earth element-doped multiple -core 

30 optical fiber provided in the invention, 

Fig. 8 is a graph showing an output power relative 
to a signal input for a rare earth element -doped mul- 
tiple-core optical fiber provided in the invention, 
Fig. 9 is a graph showing a gain relative to a wave- 

35 length for a rare earth element-doped multiple -core 
optical fiber provided in the invention, 
Fig. 10 is an optical amplifier in a first preferred 
embodiment according to the invention, 
Fig. 11 is an optical amplifier in a second preferred 

40 embodiment according to the invention. 

Fig. 12 is an optical amplifier in a third preferred 
embodiment according to the invention, and 
Fig. 1 3 is a flow chart showing a method for fabricat- 
ing an rare earth element-doped multiple-core opti- 

45 cal fiber in a preferred embodiment according to the 
invention. 

Before describing a rare earth element-doped mul- 
tiple-core optical fiber in the preferred embodiment 
50 according to the invention, the aforementioned rare earth 
element-doped multiple-core optical fiber proposed by 
the inventors and described in the Japanese Patent 
Kokai Nos. 5-299733 and 6-37385 will be explained in 
Fig. 1. 

55 The inventor's proposed rare earth element-doped 
multiple-core optical fiber 1 comprises a multiple-core 
region 4 composed of a plurality of rare earth element- 
doped cores 2, and a cladding layer 3, wherein a refrac- 
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tive index of the rare earth element -doped cores 2 is 
higher than that of the cladding layer 3. 

In this rare earth element-doped multiple-core opti- 
cal fiber, a gain and wide wavelength band characteris- 
tics are not consistent with each other as described 
before. 

Next, a rare earth element-doped multiple-core opti- 
cal fiber in a first preferred embodiment according to the 
invention will be explained in Fig. 2. 

The optical fiber comprises a plurality of cores 5-1 . 

5-2. 5-7 each composed of S1O2 doped with Ge02 

AI2O3 and Er ions and covered with a cladding layer 6. 
and a jacket layer 7 for covering the cladding layer-cov- 
ered cores 5-1 . 5-2. 5-7. 

In this optical fiber, an outer diameter Do of the jacket 
layer 7 is 125 ^m, an outer diameter Dg of the cladding 
layer-covered cores 5-1, 5-2, - - - - 5-7 which are of a 
multiple-core is 4.4 ^m to provide a ratio Do/Dg of 28.4 
( D Q/Dg=28 4 ), an outer diameter Dw of each core 5-1 . 

5-2. 5-7 is 1 .23\xTr\ to provide a value ( 1+2t/Dw ) of 

1.2 [(1+2t/Dw)=1.2]. where t is a thickness of the clad- 
ding layer 6, a refractive index nw of the cores 5-1 , 5-2, 

5-7 is 1 .48. that of the cladding layers 6 and the 

jacket 7 layer is 1 458, and specific refraction index dif- 
ferences A n1 and A n2 are 1 .509 

In fabrication, elementary optical fibers each com- 
prising the core 5-1. 5-2. or 5-7 and the cladding 

layer 6 are inserted into a quartz glass tube to be drawn 
under vacuum sate therein at a predetermined temper- 
ature, and outer surfaces of the cladding layers 6, and 
the outer surfaces thereof and an inner layer of the quartz 
glass tube are thermally adhered to each other, so that 
a rare earth element-doped multiple-core optical fiber 
having an outer diameter Do of 125^m isfabricatied. The 
cross-sectional configuration of the rare earth element- 
doped multiple-core optical fiber is shown in Fig. 3, 
although an ideal configuration is shown in Fig. 2. 

In the rare earth element-doped multiple-core opti- 
cal fiber as shown in Fig. 3. a length thereof providing 
the maximum gain is approximately 72m, when a signal 
light having a wavelength of l .55!Lim and an exci tation 
light having a wavelength of 1 .48 |uim are used. In more 
specifically, the gain is approximately 25dB and a noise 
index is 5dB, when a power of the signal light is 27dBm, 
and that of the excitation light is 40mW. 

In the rare earth element-doped multiple-core opti- 
cal fiber in the first preferred embodiment, a gain and a 
noise index are obtained relative to a power of an output 
signal light amplified therein as shown in Fig. 4. Further, 
a gain and a noise index are obtained relative to a wave- 
length of a signal light as shown in Fig. 5 As clearly 
shown therein, a gain fluctuation is suppressed to be less 
than 3dB at a wavelength band of 1 530 nm to 1560 nm, 
when a power of the output signal light is -27dBm. and 
to be less than 1 dB at the same wavelength bane, when 
the power of the output signal light is ■17dBm. On the 
other hand, a noise index is not changed significantly at 
this wavelength band. 



A rare earth element-doped multiple-core optical 
fiber In a second preferred embodiment according to the 
invention will be explained in Fig 2. 

In the second preferred embodiment, an outer diam- 

5 eter Dg of the multiple-core is 6.5 urn, and an outer diam- 
eter Dw of each core 5-1 . 5-2. 5-7 is 1 .81nm. while 

the other structural paremeters remain unchanged from 
those used in the first preferred embodiment. Thus, 
"Do/Dg" is calculated to be approximately 19.2, and 

10 " i+2t/Dw " is calculated to be approximately 1 .36. 

The rare earth element-doped multiple-core optical 
fiber IS supplied with a signal light having a wavelength 
of 1 55 am and an excitation light having a wavelength 
of 1 .48 |im, wherein a gain is maximum, when a length 

15 thereof is 25m. The gain is obtained to be approximately 
32dB which is higher than that in the first preferred 
embodiment, when a power of the signal light is -27dBm, 
and a power of the excitation light is 40m W. This is 
because "1+2t/Dw" is increased from 1.20 to 1.36 as 

20 compared to that in the first preferred embodiment. 

Fig. 6 shows an output signal light obtained by ampli- 
fying an input signal light and a gain relative to the input 
signal light in the rare earth element-doped multiple-core 
optical fiber in the second preferred embodiment which 

25 is used for an optical umplif ier 

A rare earth element-doped multiple-core optical 
fiver in a third preferred embodiment according to the 
invention will be explained in Fig. 2. 

In the third preferred embodiment, an outer diameter 

30 Dg of the multiple-core is 9.72 ^im, and an outer diameter 

Dw of each core 5-1 , 5-2, 5-7 is 1 .95 ^im, while the 

other structural parameters remain unchanged from 
those used in the first preferred embodiment. Thus, 
"Do/Dg" is calculated to be approximately 12.9, and 

35 " 1 +2t/Dw " is calculated to be approximately 2.29. 

The rare earth element-doped multiple-core optical 
fiber is supplied with an excitation light having a wave- 
length of 0 98 \xm, wherein a gain is maximum, when a 
length thereof is 32m. The gain is obtained to be approx- 

40 imetory 37dB which is higher than that in the first pre- 
ferred embodiment, when a power of the signal light is - 
37dBm, and a power of the excitation light is 120mw. 

Fig. 7 shows a high gain and wide wavelength band 
characteristics obtained in the third preferred embodi- 
es ment, wherein gains are flat to be approximately 22dB 
and 31 dB at wavelengths of 1.53 \xm to 1 .56^m, when 
signal powers are -7 dBm and -17 dBm. and the fluctu- 
ation of gains is suppressed to be less than 3dB at the 
same wavelength band, when a signal power is -27 dBm. 

50 As described above, a high gain and wide wave- 
length band characteristics are obtained by making a 
value " 1+2t/Dw " large. This is because of the assump- 
tion that a signal light and an excitation light are divided 
equally to be distributed to a plurality of cores 5-1 . 5-2. - 

55 - - - 5-7 As a result, gains of the divided signal lights in 
the cores 5-1, 5-2, - - - - 5-7 are not high to provide the 
wide wavelength band characteristics, so that a gain is 
obtained to be high at an output end of the rare earth 
element-doped multiple-core optical fiber in accordance 
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with the summation of amplified powers in the cores 5- 
1, 5-2, 5-7, while the wide wavelength band char- 
acteristics are maintained. In principle, a high gain and 
wide wavelength band characteristics are enhanced, as 

the number of the cores 5-1 , 5-2, 5-7 is increased. 

Practically, however, intervals of the cores 5-1 , 5-2. — 
- 5-7 become narrow, as the number thereof is increased. 
Thus, a multiple-core optical fiber is proximate to a sin- 
gle-core optical fiber For this reason, it is necessary for 
the value " 1+2t/Dw * to be in a range of 1.1 to 2.2, and 
"Do/Dg" to be in a range of 12.5 to 30. 

A rare earth element-doped multiple-core optical 
fiber in a fourth preferred emtxxJiment according to the 
invention will be explained in Fig. 2. 

In the fourth preferred embodiment, a doping 
amount of aluminum in the cores 5-1, 5-2, - - - - 5-7 is 
increased to be 4,000 weight ppm, and that of Er is 
increased to be 400 weight ppm, while the other struc- 
tural parameters are the same as those in the second 
preferred embodiment. 

Fig. 8 shows relations between an input signal light 
and a gain, and the input signal light and an output signal 
light in the fourth preferred embodiment, wherein excita- 
tion lights having powers of 40 mw and 50 mw at a wave- 
length of 1.48 fxm are used, and the maximum gain is 
42dB. 

Fig. 9 shows a gain relative to a wavelength of an 
input signal light in the fourth preferred embodiment, 
wherein wide wavelength band characteristics of 30 nm 
are obtained with the maximum gain of 42dB and a gain- 
fluctuation of 3dB. and gain -fluctuations are suppressed 
to be less than ± 0.6 dB at a wavelength band of 1 .53 jum 
to 1.56nm for gains of 31dB and 36dB. In accordance 
with the results shown therein, it is predicted that the 
more a doping amount of aluminum into the cores 5-1, 

5-2, 5-7 is increased, the flatter a gain-wavelength 

band curve becomes, and a higher gain is realized by 
increasing a doping amount of Er. In a specific modifica- 
tion to provide a high gain, Yb which is a rare earth ele- 
ment is doped into the cores 5-1 , 5-2, 5-7 together 

with Er, and an excitation light having a wavelength of 
1.053 Jim is used. 

Other than Er, Pr is used to amplify a signal light hav- 
ing a wavelength band of 1.3 pim, and Nd is for a signal 
light having a wavelength band of 1 .3jim or 1 .06 fim. 

A rare earth element-doped multiple-core optical 
fiber in a fifth preferred embodiment according to the 
invention will be explained in Fig. 2. 

In the fifth preferred embodiment, a refractive index 

nw of the cores 5-1 , 5-2. 5-7 is 1 .479, and specific 

refractive index differences A n1 and A n2 are 1.42%. 
while the other structural parameters are the same as 
those in the second preferred embodiment. As a result, 
a gain is slightly lowered as compared to that in the sec- 
ond preferred embodiment by 0.4 dB. 

On the other hand, a modification is made such that 

a refractive index of the cores 5-1,5-2, 5-7 is 1 .485, 

and specific refractive index differences A n1 and A n2 
are 1.8%, while the other structural parameters are the 



same as those m the second preferred embodiment. As 
a result, a gain is increased by approximately 1.5 dB. 
In the first to fifth preferred embodiments, the 

number of the cores 5-1 , 5-2, 5-7 may be at least 

5 three. Practically however, it is preferable to be 7, 1 0. 1 4, 
and 19. 

Next, an optica! amplifier using one of the aforemen- 
tioned rare earth element-doped multiple-core optical 
fibers will be explained. 

10 Fig. 1 0 shows an optical amplifier in a first preferred 
embodiment according to the invention which comprises 
optical isolators 1 0-1 and 1 0-2, an optical multiplexer 1 1 - 
1 , a rare earth element-doped multiple core optical fiber 
8, an optical demultiplexer 11-2, an optical isolator 10-2, 

15 an excitation light source 1 3, and an optical fiber for pro- 
viding mode field matching regions 14-1 and 14-2. 

In operation of the optical amplifier in the first pre- 
ferred embodiment, a signal light 9-1 is supplied via the 
optical isolator 10-1 to the mode field-matching region 

20 14-1, while an excitation light 12-1 is emitted from the 
excitation light source 13 to be supplied via the optical 
multiplexer 1 1-1 to the mode field-matching region 14-1 , 
so that the signal light 9-1 and the excitation light 12-1 
are supplied to the rare earth element -doped multiple- 
's core optical fiber 8. in which the signal light 9-1 is ampli- 
fied by absorbing the excitation light 12-1. An amplified 
signal light 9-2 is obtained via the mode field-matching 
field 1 4-2 from the optical isolator 1 0-2, while a remaining 
portion 12-2 of the excitation light 12-1 which has not 

30 contributed to the amplification of the signal light 9-1 is 
removed from the optical demultiplexer 11-2. 

In the optical amplifier in the first preferred embodi- 
ment, the optical isolators 10-1 and 10-2 suppress the 
supply of reflection lights of the amplified signal light 9- 

35 2 in the opposite propagation direction. 

The mode field-matching regions 14-1 and 14-2 sup- 
press the reflection lights to lower losses caused by the 
reflection lights, wherein the signal lights 9-1 and 9-2 are 
reflected due to mode mis-matching resulted from the 

40 difference of specific refractive index differences, for 
which specific refractive index differences A n1 and A n2 
of the rare earth element-doped multiple-core optical 
fiber 8 are in a range of 1 to 3%. while those of optical 
fibers on the side of the optical multiplexer 11-1 and the 

45 optical demultiplexer 11-2 are in a range of approxi- 
mately 0.3%. 

In the optical amplifier in the first preferred embodi- 
ment, the excitation light 12-1 is supplied to the front 
stage of the rare earth element-doped multiple-core opti- 
50 cal fiber 8, and Er, or Er and Yb are doped into the cores 

5-1 . 5-2. 5-7 of the optical fiber 8, when wavelengths 

of the excitation light 12-1 are 0 9 nm, 1 05[im and 
1.48^m. 

Fig. 1 1 shows an optical amplifier in a second pre- 
ss ferred embodiment according to the invention, wherein 
like parts are indicated by like reference numerals as 
used in Fig. 10, provided that the excitation light 12-1 is 
supplied at the rear stage of the rare earth element- 
doped multiple-core optical fiber 8 thereto by the optical 
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multiplexer 1 1 -2, while the remaining portion 12-2 of the 
excitation light 12-1 which has not contributed to the 
amplification of the signal light 9-1 is removed from the 
optical demultiplexer 11-1. 

Fig. 1 2 shows an optical amplifier in a third preferred 
embodiment according to the invention, wherein like 
parts are indicated by like reference numerals as used 
in Figs. 10 and 1 1 provided that first and second excita- 
tion light sources 13-1 and 13-2 are provided to supply 
excitation lights 12- la and 12- lb at the front and rear 
stages of the rare earth element-doped multiple-core 
optical fiber 8 thereto by the optical multiplexers 11-1 and 
11-2. 

In the third preferred embodiment, the excitation 
lights 12-1a and 12-lb may have the same wavelength 
selected from 0.98Hm. 1 05um. and 1 .48 ^m, or different 
wavelengths selected therefrom. 

Finally, a method for fabricating a rare earth ele- 
ment-doped multiple-core optical fiber in a first preferred 
embodiment according to the invention will be explained 
in Fig. 13. 

At the step A, cores of a high refractive index doped 
with a rare earth element and aluminum are fabricated, 
and the cores are coated with cladding layers of a low 
refractive index to provide elementary optical fibers by 
an ordinary fabrication process such as flame deposi- 
tion, outer CVD. etc. 

At the step B, a predetermined nunriber of the ele- 
mentary optical fibers are placed in a jacket tube of a low 
refractive index such as a quartz tube, a quartz tube 
coated at an inner surface with a film of a low refractive 
index, a vycor glass tube (Corning Glass works). 

At the steps C. the jacket tube with the elementary 
optical fibers is heated from the outer surface thereof, 
while one end of the jacket tube is sealed to carry out the 
vacuum drawing at the other end thereof, so that outer 
surfaces of the elementary optical fibers, and those and 
the inner surface of the jacket tube are welded to each 
other to provide an optical fiber preform having no bub- 
ble. 

At the step D. the optical fiber preform is drawn at a 
heating temperature to provide a rare earth element- 
doped multiple-core optical fiber. 

At the step C, members of a low refractive index such 
as Si02 rods. Si02 fine particles. Si02 rods or particles 
doped with B2O3 and /or F may be inserted into inter- 
stices among the elementary optical fibers and the jacket 
tube. 

In the invention as described above, cores of a high 
refractive index doped with the maximum doping 
amounts of a rare earth element and aluminum which 
are equal to values obtained in a conventional single- 
core optical fiber are prepared for an optical fiber pre- 
form Consequently a content of the rare earth element 
is increased as three times in a rare earth element -doped 
multiple-core optical fiber in the invention as that in the 
conventional single-core optical fiber to provide a high 
gain, and a content of aluminum is increased as three 



times therein as the conventional single-core optical fiber 
to provide wide wavelength band characteristics. 

In the invention the value "1-»-2t/Dw ' is ranged to 
be 1 1 to 2.5, where t is a thickness of a cladding layer 

5 of an elementary optical fiber, and Dw is an outer diam- 
eter of a core for the elementary optical fiber. For this 
structure. LP01 modes of excitation lights and signal 
lights supplied to rare earth element-doped multiple- 
cores are propagated through the multiple-cores with the 

10 approximately same coupling efficiency equal to or more 
than 80% In other words, a supplied excitation light and 
a supplied signal light are equally distributed to each 
core. As a result of dividing the excitation light into n exci- 
tation lights to be distributed to the multiple-cores (n is 

15 the number of the multiple-cores), a power of each 
divided excitation light becomes 1/n as compared to a 
power of an excitation light supplied to a single-core opt- 
cal fiber, where an output power of an excitation light 
source is controlled to be constant. As a result, a gain is 

20 lowered per one core in the invention, while the gain is 
uniform at a wide wavelength band in the invention. 
When the above described value is less than 1.1, the 
multiple-cores are proximate to be a single core to make 
it difficult that a wavelength band becomes wide, and, 

25 when the above described value is more than 2 5, the 
excitation and signal lights are partially propagated 
through cladding layers and a jacket layer to lower a gain. 
In the invention, Er. Yb. Pr. Nd. Ce. Sm, and Ho may be 
used for a rare earth element to be doped into multiple- 

30 cores, among which Er, or the combination of Er and Yb 
is preferable to be used at a wavelength band of 1 .53 to 
1 .57 ^im. and Pr or Nd is preferable to be used at a wave- 
length band of 1 .3^m. 

In the invention, specific, refractive index differences 

35 A nl and A n2 are preferable to be set more than 1% to 
increase confining factors of excitation and signal lights 
into multiple-cores, thereby providing a high gain and 
wide wavelength band characristics. In practically, how- 
ever, the specific refractive index differences A nl and A 

40 n2 are difficult to be more than 3% due to the fabrication 
process. 

In the invention, a ratio Do/Dg is ranged to be 12.5 
to 30 to provide low loss mode field-matching connection 
relative to a single mode optical fiber having ordinary low 
45 specific refractive index differences A n 1 and A n2. When 
the ratio Do/Dg is out of the range of 12.5 to 30, the low 
loss mode field- matching connection is not obtained to 
lower a gain. 

In the invention. Si02-Ge02-Al203 glass doped with 
50 Er and Yb is preferably used for multiple-cores, wherein 
the doping amount of Er is at least 200 weight ppm to 
provide a high gain and wide wavelength band charac- 
teristics When the cores are of Si02 glass doped with 
Er. Yb and Al, at least one of Ge. P, and B may be added 
55 thereto provide specific refractive index differences A n 1 
and A n2 of 1 to 3% In this case, a material such as B, 
F, etc. for lowering a refractive index may be added to 
cladding layers and a jacket layer of Si02 glass to further 
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increases the specific refractive index differences a n1 
and A n2. 

As well explained above, the invention provides 
advantages set out below. 

(1) a high gain and wide wavelength band charac- 5 
teristics are simultaneously obtained. 

(2) the high gain and the wide wavelength band char- 
acteristics are further enhanced by using the combina- 
tion of Er and Yb. 

(3) long distance and wavelength-multiplexed trans- to 
mission is realized. 

(4) a system is structured more economically 

(5) a noise index can be suppressed at the mini mum 
level to provide high quality of information transmission. 

(6) reproducibility of a rare earth element-doped 
multiple-core optical fiber having predetermined struc- 
tural parameters is obtained. 

Although the invention has been described with 
respect to specific embodiment for complete and clear 
disclosure, the appended claims are not to be thus lim- 
ited but are to be construed as embodying all modifica- 
tion and alternative constructions that may occur to one 
skilled in the art which fairly fall within the basic teaching 
herein set forth. 

Claims 

1. A rare earth element-doped multiple-core optical 
fiber, comprising: 

at least three elementary optical fibers each 
comprising a core of a refractive index nw having an 
outer diameter of Dw, and a cladding layer of a 
refractive index nc(nw>nc) having a thickness of t for 
covering said core; and 

a jacket layer of a refractive index nj (nw>nj) 
for covering said at least three elementary optical 
fibers; 

wherein said core is doped with at least one 
rare earth element and Al of at least 1 weight %; and 

a value of (l+2t/Dw) defined by said outer 
diamer of Dw and said thickness of t is ranged to be 
1.1 to 2.5. 

2. The optical fiber as defined in claim 1 , wherein: 

said rare earth element is at least one 
selected from Er, Yb, Nd. Ce. Sm and Ho. 

3. The optical fiber as defined in claim 1 , wherein: 

a specific refractive index difference A n1 
{ An1=[(nw-nc)/nw]x100%} between said 
core and said cladding layer, and a specific refractive 
index difference A n2 {An2=[(nw-nj)/nw]x100%} 
between said core and seid jacket layer are ranged 
to be 1 to 3%, respectively. 

4. The optical fiber as defined in claim 1 . wherein: 

a ratio of Do/Dg is ranged to be 1 2.5 to 25, 
where Dg is an outer diameter of an assembly 



of said at least three elementary optical fibers, and 
Do is an outer diameter of said jacket layer. 

5. The optical fiber as defined in claim 1 , wherein: 

said core is doped with Er and Yb, a doping 
amount of Er being at least 200 weight %. 



6. The optical fiber as defined in claim 5. wherein: 

said core is of Si02 glass doped with at least 
one of refractive index-controlling materials of Ge, P 
and B in addition to Er, Yb and Al. 

7. A method for fabricating a rare earth element-doped 
multiple-core optical fiber, comprising the steps of: 

providing at least three elementary optical 
fibers each comprising a core of a refractive index 
nw having an outer diameter of Dw, and a cladding 
layer of a refractive index nc (nw>nc) having a thick- 
ness of t for covering said core, said core being 
doped with at least one rare earth element and Al of 
at least 1 weight %, and a value of (1+2t/Dw) 
defined by said outer diameter of Dw and said thick- 
ness of t being ranged to be 1.1 to 2.5; 

placing said at least three elementary optical 
fibers in a jacket tube; 

providing a composite member by collapsing 
interstices among said at least three elementary 
optical fibers and said jacket tube to be welded at 
contact surfaces thereof at a predetermined heating 
temperature; and 

heating and drawing said composite member 
at a predetermined temperature. 

8. The method as defined in claim 7, wherein: 

the step of drawing said composite member 
is carried out at said predetermined heating temper- 
ature successively after the step of providing said 
composite member. 

9. TTie method as defined in claim 7. wherein: 

the step of providing said composite member 
comprises the step of filling a material of a refractive 
index lower than said refractive index nw into said 
interstices among said at least three elementary 
optical fibers and said jacket tube. 

10. An optical amplifier, comprising: 

a rare earth element-doped multiple-core 
optical fiber of a predetermined length, said rare 
earth element-doped multiple-core optical fiber 
comprising at least three elementary optical fibers 
each comprising a core of a refractive index nw hav- 
ing an outer diameter of Dw, and a cladding layer of 
a refractive index nc(nw>nc) having a thickness of t 
for covering said core, and a jacket layer of a refrac- 
tive index nj (nw>nj)for covering said at least three 
elementary optical fibers, said core being doped 
with at least one rare earth element and Al of at least 
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1 weight%, and a value of ( 1 +2t/Dw ) defined by said 
outer diameter of Dw and said thickness of t being 
ranged to 1 1 to 2 5; 

means for input of a signal light to an input 
end of said rare earth element-doped multiple-core § 
optical fiber; 

means for propagating an excitation light 
through said rare earth element-doped multiple- 
core optical fiber to amplify said signal light therein; 
and JO 

means for output of said signal light thus 
amplified from an output end of said rare earth ele- 
ment-doped multiple-core optical fiber 

11. The optical amplifier as defined in claim 10, wherein is 

said excitation light propagating means, com- 
prises: 

a light source for emitting said excitation light; 

an optical multiplexer for coupling said exci- 
tation light to said input end of said rare earth ele- 20 
ment-doped multiple-core optical fiber; and 

an optical demultiplexer for removing a 
remaining portion of said excitation light at said out- 
put end of said rare earth element-doped multiple- 
core optical fiber; 25 

said input means, comprises: 

a first optical isolator positioned between a 
signal light input terminal of said optical amplifier 
and said input erd of said rare earth element -doped 
multiple-core optical fiber for propagating said signal 30 
light only in a direction of said signal light input ter- 
minal to said input end thereof; 

said output means, comprises: 

a second optical isolator positioned between 
a signal light output terminal of said optical amplifier 35 
and said output end of said rare earth element- 
doped multiple-core optical fiber for propagating 
said signal light only in a direction of said output end 
thereof to said output terminal. 

40 

12. The optical amplifier as defined in claim 1 1 , further 
comprising: 

first and second mode field-matching regions 
provided between said first optical isolator and said 
input end of said rare earth element-doped multiple- 45 
core optical fiber, and between said output end of 
said rare earth element-doped multiple-core optical 
fiber and said second optical isolator. 

13. The optical amplifier as defined in claim 10, wherein: 50 

said excitation light propagating means, com- 
prises: 

a light source for emitting said excitation light; 

an optical multiplexer for coupling said exci- 
tation light to said output end of said rare earth ele- 55 
ment-doped multiple-core optical fiber; and 

an optical demultiplexer for removing a 
remaining portion of said excitation light at said input 
end of said rare earth element-doped multiple-core 



optical fiber; 

said input means, comprises: 

a first optical isolator positioned between a 
signal light input terminal of said optical amplifier 
and said input end of said rare earth element-doped 
multiple-core optical fiber for propagating said signal 
light only in a direction of said signal light input ter- 
minal to said input end thereof; 

said output means, comprises: 

a second optical isolator positioned between 
a signal light output terminal of said optical amplifier 
and said output end of said rare earth element- 
doped multiple-core optical fiber for propagating 
said signal light only in a direction of said output end 
thereof to said output terminal 

14. The optical amplifier as defined in claim 13, further 
comprising: 

first and second mode field-matching regions 
provided between said first optical isolator and said 
input end of said rare earth element-doped multiple- 
core optical fiber, and between said output end of 
said rare earth element-doped multiple-core optical 
fiber and said second optical isolator 

15. The optical amplifier as defined in daim 10. wherein: 

said excitation light propagating means, com- 
prises: 

first and second light sources for emittion said 
excitation lights; 

an optical multiplexer for coupling said exci- 
tation lights to said input and output ends of said rare 
earth element-doped multiple-core optical fiber; and 

said input means, comprises: 

a first optical isolator positioned between a 
signal light input terminal of said optical amplifier 
and said input end of said rare earth element-doped 
multiple-core optical fiber for propagating said signal 
light only in a direction of said signal light input ter- 
minal to said input end thereof; 

said output means, comprises: 

a second optical isolator positioned between 
a signal light output terminal of said optical amplifier 
and said output end of said rare earth element- 
doped multiple-core optical fiber for propagating 
said signal light only in a direction of said output end 
thereof to said output terminal. 

16. The optical amplifier as defined in claim 15. further 
comprising: 

first and second mode f ield-matchig regions 
provided between said first optical isolator and said 
input end of said rare earth element-doped multiple- 
core optical fiber, and between said output end of 
said rare earth element -doped multiple-core optical 
fiber and said second optical isolator 
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